§ 1. The hypothesis of the nuclear structure of the atom was first put forward by Sir Ernest Rutherford* in 1911 to explain the phenomena of large-angle scattering of a-particles. It was found that when a beam of a-particles passed through matter, the number of particles scattered at large angles far exceeded the number that would be expected on probability considerations, if these large deflections were made up of a number of successive small deflections. The facts could only be explained on the assumption that these deflections were single deflections, occurring as the result of a very close encounter between the a-particle and the atom. The experimental results could be explained quanti tatively on the assumption that the mass of the atom was concentrated in a nucleus of small volume at the centre, with a positive charge approximately ^equal numerically to half the atomic weight. The force was an inverse-square electrostatic one and the electrons outside contributed practically nothing to the scattering owing to their small mass.
The Large (Communicated by Prof. Sir E. Rutherford, F.R.S.-Received February 4, 1924.) § 1. The hypothesis of the nuclear structure of the atom was first put forward by Sir Ernest Rutherford* in 1911 to explain the phenomena of large-angle scattering of a-particles. It was found that when a beam of a-particles passed through matter, the number of particles scattered at large angles far exceeded the number that would be expected on probability considerations, if these large deflections were made up of a number of successive small deflections. The facts could only be explained on the assumption that these deflections were single deflections, occurring as the result of a very close encounter between the a-particle and the atom. The experimental results could be explained quanti tatively on the assumption that the mass of the atom was concentrated in a nucleus of small volume at the centre, with a positive charge approximately ^equal numerically to half the atomic weight. The force was an inverse-square electrostatic one and the electrons outside contributed practically nothing to the scattering owing to their small mass. The nuclear theory of the atom soon received very strong support from different sources of evidence. The extensive series of experiments carried out by Geiger and Marsdenf on the scattering of a-particles by gold and silver between the angles of 5° and 150° furnished results in perfect agreement with the theory, and showed that, within the limit of experimental error, the inversesquare law held between the a-particle and the nucleus down to distances of 3 X 10 ~12 cm. At the same time, Bohr,J combining the idea of nuclear structure of the atom with the new hypothesis of stationary states, suggested by the quantum theory, showed how the simpler series spectra could be com pletely and accurately explained on the inverse-square law. The pioneer work of Moseley § on X-ray spectra gave strong support to the idea first proposed by Van den Broek|| that the nuclear charge, instead of being quite equal to one-half * * * § the case of gold, it must contain 197 protons and 118 electrons, and still act approximately as a point charge at 3 X 10~12 cm. It is very difficult to see how it can be in equilibrium in such a restricted space under electrostatic forces alone. We are thus driven to expect th at other forces intervene at these very short distances, forces presumably of attraction between like charges,* which neutralise the electrostatic repulsion and maintain the nucleus in equili brium. The existence of such forces has already been assumed by Rutherford* in his explanation of the driving-out of an H-particle from the nucleus by an a-particle, for he supposes that an H-particle can be moving about a nucleus as a close satellite. Only a force of attraction between it and the nucleus will allow it to do so.
Besides this indirect evidence, there is striking experimental evidence that, in one case at least, the inverse-square law breaks down at a short distance from the nucleus. It has been shown, first by Rutherfordf and then by Chadwick and the author,J that the number of H-nuclei projected in a forward direction by a-particles far exceeds the number which can be accounted for on the inversesquare law. In order to account for the phenomenon, it is not sufficient to bring in the fact that the a-particle has a structure whose dimensions are probably comparable with the distance of closest approach of the H-nucleus, but it is necessary to assume forces of a non-electrostatic nature. Indeed, the a-particle was found to act more or less as though it were an oblate spheroid of semi-axes 4 X 10~13 cm. and 8 X 10~13 cm., travelling along its short axis. The H-nuclei would be repelled according to the inverse-square law so long as they did not come into actual contact with the spheroid, but would rebound elas tically from it on actually striking it. On this view, the surface of the spheroid represents the limits of a region inside which the forces increase with great rapidity.
The object of this paper is to describe a series of experiments in which a deviation from the inverse-square law has been obtained, in the case of very close approach of the a-particles to the nuclei of aluminium and magnesium. § 2. The Large-Angle Scattering by Light Nuclei.
When an a-particle of mass M, charge E, and velocity V is deflected through an angle < /> by a nucleus of mass m and charge Ne, the distance of closest approach on the inverse-square law' is given by :-D = p, (1 + sec 6)
where
and q _to cot < /> + \/( w 2 cosec2 (£ + M2) M -f-m
For the heavier atoms whose mass m is large compared with M, this distance is approximately proportional to the atomic number N of the deflecting atom. Also, the relation between 6 and the angle of deflection (j> is practically inde pendent of the masses. The apsidal distance for a given deflection is, therefore, approximately proportional to the atomic number of the deflecting atom.
For the lighter atoms the approximation is not so close, but we may still say that the lighter the deflecting atom, the shorter is the apsidal distance for a given angle of deflection. It is, therefore, with light atoms that there is the greatest likelihood of finding out something about the nucleus and the field of force surrounding it by means of experiments on a-particle scattering.
One of the few attempts to obtain the large-angle scattering of a-particles by light atoms was that made by Loeb,* who studied the scattering by carbon and aluminium at angles approaching 180°. Owing to the very small scattering at these large angles, he had considerable difficulty in counting, due to the large disturbing effect of a small amount of radio-active contamination. He was unable to reach any conclusion with regard to carbon, and thought he detected a slight increase over the theoretical scattering in the case of aluminium.
In the experiments about to be described, the first element tried was carbon, obtained by heating in vacuo small sheets of rice-paper, kept flat between mica sheets. Owing to the difficulty of completely driving out the hydrogen present, and the uncertainty of the correction to be applied for it, as well as the impurities of higher atomic number, the experiments with carbon had to be abandoned.
The two elements finally selected were aluminium, which can be obtained in the form of thin leaves, containing practically no other impurity than about 0*15 per cent, of iron,f and magnesium, which was kindly furnished by the Magnesium Company of Great Britain, in sheets thin enough to act as a scatterer.
The same arrangement of radio-active source, scattering foil and fluorescent screen was adopted as in Chadwick'sj experiments on scattering, and in those of Chadwick and the writer* on the collision of a-particles with H-nuclei. It is shown diagrammatically in fig. 1 . AA is a scattering foil of metal leaf in the form of an annular ring, limited inside and outside by diaphragms. R is a radio-active source and S a zinc-sulphide screen. They are placed along the axis of the scattering foil at equal distances on either side of it. It is easily seen that all the particles which strike the screen at S will have been scattered through an angle between < f> t and (f>2.
Chadwick has shown that, under these conditions, the number of scattered a-particles which strike the screen is given by :-v = ^= -[cot < /> 1/2 cosec j>1/2 -cot ^ cosec < /> 2/2 64r2 + log tan <£2/4 -log tan <^4] (1) where Q = the number of a-particles emitted by the source per second, n -the number of atoms per unit volume in the foil, t = the thickness of the foil, r2 -the mean square of the distance from the source to the foil, and
Here, Ne is the nuclear charge of the scattering atom, and M, V, and E are the mass, velocity, and charge of the a-particles.
The formula above is true, provided that the motion imparted to the deflecting nucleus by the a-particle can be neglected. The correction to be applied to take this into account has been worked out by Darwin.f It is easily shown that, even in the case of magnesium at an angle of 100°, the correction amounts to less than 2 per cent., diminishing to about 0-35 per cent, at 60°. Since the accuracy of the experiments at very large angles is rather low, the correction was neglected throughout.
In the case of light atoms like aluminium and magnesium, at angles between 60° and 100°, the ratio of the number of particles in the direct and scattered beams is of the order of 100,000 to f . It was therefore impracticable to use the wheel-and-slit method of comparison used by Chadwick. Gold, whose nuclear charge is accurately known, and wrhose scattering over a large range of angles has been tested, was therefore used as a standard, and the scattering of the other metals compared with it. This method had the additional advantage that it wns not necessary to make a correction for a possible change in the efficiency of the screen with the angle of incidence of the particles.
Since, under the inverse-square law, the scattering from thin foils of different materials under the same geometrical conditions varies as ntb2 (Formula 1), the theoretical ratio of the scattering due to similar foils of the light meta under consideration and of gold is
where the suffix m refers to the light metal, and the suffix a to gold. If Aa, Am are the atomic weights, and wa, wm the masses per unit area of the foils used, then,
The velocities Va, Vm are the mean velocities of the a-particles in their passage through the foils. By an application of Geiger's law connecting the velocity of an a-particle with its remaining range, it is easily seen that this mean velocity is given by
where < j> is the mean angle of scattering, Rb the initial range of the par ticles, lc, lf are the air equivalents of the collodion film and the scattering foil respectively, and a is a constant. Thus, rt can be calculated from known quantities, and compared with re, the experimental ratio of the number of particles scattered by the light metal and by gold. Since the scattering from gold follows the inverse-square law, the ratio r jr t is the ratio of the actual scattering due to the light metal to that which would be obtained if the inverse-square law were obeyed at all distances.
The larger foils were weighed on a chemical balance and the mass per area was deduced.' The foils used with apparatus A were too light to be weighed with sufficient accuracy on a chemical balance. A convenient micro-balance devised by Mr. P. Kapitza, of the Cavendish Laboratory, had to be resorted to. The weight was determined in terms of the pull of a current on a piece of magnetized tungsten-steel wire. The current was read on a milliammeter, and the instrument was calibrated by means of known small weights. The instrument enabled one to weigh foils of the order of a few tenths of a milli gram to 1 per cent.
The magnesium foils used were first carefully rubbed over with the finest emery paper and then with rouge paper ; they were then weighed and placed on their frame. Between experiments, they were kept in a desiccator filled with nitrogen, purified by bubbling through two bottles containing a solution of pyrogallic acid and sodium hydroxide.
With gold, one or two thicknesses of the finest leaves obtainable were used. The correction for loss of velocity was small and easily determined to a sufficient accuracy. With aluminium four or five thicknesses of leaf were used, giving a stopping power of about 5 mm. of air. In this case, it seemed fair to assume that the unevennesses in the foils would more or less compensate each other, and that the thickness of the material could be taken as uniform in calculating the correction. With magnesium, however, the thinnest foil that could be rolled out had a stopping power of 12-5 mm. of air. A single thickness had to be used and the material was therefore much more uneven than the aluminium. It is therefore probable that the velocity correction as calculated is slightly too low.
The method of counting was the same as in Chadwick's* experiments. For the faster particles a source of Ra (B + C) deposited on a brass button was used ; for the slower, a source of polonium on a nickel button was used. This source possessed the great advantage that there was no general lighting-up of the screens, due to (3 and y rays, and that no correction for decay wras required.
In most experiments two observers took turns at the counting. While the writer was measuring the source after removal from the emanation, the other observer would be in the darkened counting-room. By the time the apparatus was evacuated his eyes would be accustomed to darkness, and he could start counting, until the writer himself was ready. The two observers would then take turns at the microscope, counting for a minute at a time, with half-minute intervals. The time signals were given by a clock, which rang an electric bell every half-minute. In some of the experiments the writer did all the counting himself, using right and left eye alternately, the source being brought in to him when his eyes were fully accustomed to darkness. All alterations to the apparatus during the course of a count were made by means of pea lamps properly shaded to give just enough light where it was wanted.
In order to minimise as far as possible the effect of an irregular decay of the source, and of a gradual variation in the efficiency of counting during an experiment, a series of counts on a light metal was bracketed by two series of counts on gold, and the thicknesses of the scattering foils so graduated as to give a similar number of particles per minute in each series, preferably between 30 and 40. The source was measured again at the end of the experiment. § § 3.-The Apparatus.
Two types of apparatus were used, the same in principle, but differing in detail. Apparatus A was used for angles up to 25°, apparatus B for the larger angles.
Apparatus A .-The apparatus ( fig. 2 ) consisted in an airtight brass box 12 cm. long. The section at right angles to the length was a square of 6 cm. side. One end was fitted with a flange FF', ground down to fit a piece of plateglass 6. A slide C, which could be removed for purposes of adjustment, carried the source and scattering foils. A hole H, of 6-mm. diameter, at the end of the box and in its axis, was closed by a thin sheet of mica, of 1-8 cm. air-equivalent.
The source R was carried on a standard D screwed down to the slide. A small brass cap B, with a hole, covered by a film of collodion of less than 1 mm. stopping power, served to prevent any recoil atoms from the Ra A left on the source from escaping into the box, and to retard the diffusion of any small quantity of emanation which might not have been removed from the source. With this precaution it was possible to keep the radio-active contamination of the interior of the box to one or two scintillations per minute on the screen. This could be tested for by taking a few counts while the a-ray beam from the source was cut off by a magnetically-operated shutter just in front of the source.
The scattering foils were carried on a brass wheel E, with three holes, over two of which the foils were stretched. The third hole was left uncovered, to allow one to correct for the scattering by the edge of the diaphragm AA'. The wheel was turned from outside by a ground-glass joint J. A pawl, engaging in notches in the edge of the wheel, stopped it in the proper scattering position.
The diaphragm AA', with a circular hole and a circular centre-piece, served to limit the scattered beam. In order to minimize the scattering from the edge, this diaphragm was made of pure graphite, kindly furnished by the Acheson Carbon Company. The centre-piece was waxed to two thin glass fibres stretched across the hole.
The zinc-sulphide screen S was placed outside the hole in the end of the box, and sufficient space was left between it and the box to insert mica absorbing sheets.
The microscope M had a Watson holoscopic objective of 16 mm. focal length and *45 numerical aperture. In connection with a Watson X 5 eye-piece, it gave a field of 3*1 mm. diameter. Besides its large field, an objective of fairly long focus has the additional advantage of a good depth of focus, thus ensur ing sharp definition for all scintillations, wherever they occur in the thickness of the screen.
Apparatus B.-At the large angles, the number of particles scattered is so small that the slightest amount of radio-active contamination of the inside of the box is sufficient to completely spoil a count. Apparatus B ( fig. 3 ) was designed to prevent the possibility of contamination in any part of the apparatus from which an a-particle could reach the screen directly.
The apparatus had two chambers, the one X, into which the source was introduced, and the other, Y, in which the scattering took place. These were separated by a film of collodion, C, of stopping power less than 1 mm. of air,
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as measured by the scintillation method. This film was prepared by allow ing a few drops of celluloid solution in a mixture of equal parts of ether and absolute alcohol*, to evaporate on a clean mercury surface. It was then removed by means of a heated brass ring covered with soft wax, and carefully waxed on the hole in the scattering chamber of the apparatus. The back D of the source chamber was made removable, so as to allow a broken collodion film to be replaced. The two chambers were exhausted at the same time through tubes T and T', connected to an oil pump by means of long rubber tubes. The size and length of the tubes had to be carefully adjusted, so that the pressure remained practically the same in the two chambers throughout the process of pumping. A U-tube manometer enabled one to see that the allowable difference of a few millimetres between the two sides was not exceeded while the apparatus was being exhausted. The collodion film was by far the most troublesome part of the apparatus, but it enabled one to obviate contamination completely. The experiments could not have been carried out without such a device. The arrangement of source, scattering foil, diaphragm, and screen was exactly the same in principle as in Apparatus A, but the construction was quite different.
The source R fitted in a hole at the end of the male part of a ground-glass joint J. The scattering foil frame BB' and the carbon diaphragm AA' stood in vertical grooves and were provided with hooks, so that they could easily be taken out and replaced on removing the glass top G of the box. In addition, the foil frame was attached by means of a thread to.the axle of a ground-glass joint at K, so that it could be lifted out of the way into the upper part of the box when the scattering due to the edge of the diaphragm was being determined.
The zinc-sulphide screen S was waxed on a hole in the* side of the box. The microscope M was the same as the one used with the other apparatus. § 4. Experimental Results.
With the two types of apparatus, four carbon diaphragms were used in the experiments. They were so made that the maximum scattering angle, <^2, of the one was as nearly as possible the same as the minimum scattering angle, (f>v of the next larger. The dimensions and corresponding scattering angles are given below :- The results obtained with aluminium and magnesium are given in Tables II  and III below.  Table II The probable errors given are those introduced by the probability distribution of the particles only. If Z particles are counted, the probable error due to the distribution is 1/v/Z. This is called the counting error.
In addition to this, there is the error in the weighing of the foils. In the case of very small foils, with which this would amount to at least 1 per cent., new foils were used in about every second experiment. This should bring the weighing error to less than 1 per cent.
A further cause of uncertainty is the possible unevenness of the foils. A square piece of a metal leaf was cut, measured, weighed and waxed on a brass frame. The area used in a scattering experiment was an annular ring, whose area was only a portion of that of the square foil. It is difficult to estimate the probable value of the error introduced by the fact that the mean thickness of the area used may not be the mean thickness of the whole foil. But, like the error in weighing, this error will be diminished by frequently changing the foils.
In the experiment at the larger scattering angles (60° to 100°) a source of 5 or 6 mg. equivalent of RaC had to be used. The direct a-rays were largely absorbed by means of a lead centre-piece in the carbon diaphragm, but there was still considerable lighting up of the screen due to scattered (3-rays and secondary (3-rays due to the y-rays. The counting efficiency would on that account be somewhat lowered, but the effect would be the same with the gold particles as with those scattered by the light metal. The probable error is somewhat increased thereby, but there is no systematic error introduced.
It was feared at first that some of the apparent decrease in the number observed at large angles of scattering with the light metals might be due to the loss of energy in scattering making the particles less visible than those scattered by gold. But the fact that the decrease is distinctly less for the polonium particles than for the larger range RaC particles shows definitely that this is not the case. The loss of energy in scattering would have a larger effect on the visibility of the polonium particles than on that of the RaC particles.
The results are shown graphically in figs. 4 and 5. The vertical lines indicate the angular limits of the diaphragms used. The full horizontal lines give the ratio for each diaphragm ; the dotted lines are at a distance from them equal to the probable error in counting. The curves have been drawn so as to make the area under the curve between the vertical lines as nearly as possible equal to that under the full horizontal lines. When this is not possible, it has been the object to make the difference between these areas not much greater than the counting error. The results for magnesium with polonium a-particles have not been plotted, because the total absorption in the scattering foil was such a large proportion of the initial range as to make them untrustworthy.
In all cases the curves indicate that the scattering at small angles is, very approximately, that which would be expected on the inverse-square law, indicating that this law is obeyed at large distances from the nucleus.
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Angle < fi. fig , 5 , As the angle increases, the ratio of the actual scattering to what would be expected on the inverse-square law diminishes rapidly. This suggests the existence of an attractive force at short distances from the nucleus, which partly neutralises the electrostatic repulsion of the a-particle by the nucleus. The suggestion is further borne out by the fact that the slower a-particles from polonium, which do not penetrate so close to the nucleus, follow the theoretical law of scattering more closely. The question will be discussed more fully in the next section.
The author has published elsewhere* a discussion of the effect of an attractive force, varying as a higher power of the distance than the second, on the scatter ing of a-particles, and has given curves showing the distribution of scattered particles when this additional attractive force varies as the cube or the fourthpower of the distance.
In both these cases the number scattered is lower at the higher angles than under the pure inverse-square law, and the decrease is approximately proportional to a parameter called x in the inverse-cube case, and y in the inverse fourth-power case, which depends on the energy of the a-particles and on the ratio of the attractive force potential to the ordinary electrostatic potential. In fact, x varies directly as the energy of the a-particles, and y as the square of the energy.
In the case of aluminium, experimental curves have been obtained for particles of two different ranges, 6*6 cm. and 3*4 cm., and therefore two different energies, and we are able to decide at once whether an additional attractive force of the kind considered theoretically will account for the facts.
A glance at fig. 4 of this paper, and at fig. 4 of the theoretical paper, shows at once that the actual distribution is not unlike what would follow from an additional inverse fourth-power law attractive force. In particular, the two figures show the same small divergence from the inverse-square law distribution at the smaller angles. Both curves have a horizontal tangent at the origin; the inverse-cube law has not.
A consideration of the ratio of the energies K6.6 and K3.4 of the two classes of particles used also decided in favour of a law approximating to the inverse fourth-power for the additional force. By an application of Geiger's law connecting therrange of an a-particle with its velocity, we can easily determine this ratio and obtain These two figures give approximately the ratio of the distributions on the inverse-cube, and inverse fourth-power law to the ordinary inverse-square law distribution. Now, the ratio of the departures in the experimental curves is approximately 3. We may conclude that divergence from the inverse-square § 5. Discussion of Results. law at short distances from the nucleus approximately follows the inverse fourth-power law.
The experimental curve for particles of 6-6 cm. range may be fitted approxi mately by an inverse fourth-power law curve for which y = 0-6. Since the additional force is attractive, and varies more rapidly than the electrostatic repulsion, there will be a distance at which the total force on the a-particle would vanish. It is shown in the theoretical paper referred to that this distance is given by r ®*E. J
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If y -0 • 6 for an a-particle of 6 • 6 cm. range, this formula gives r = 3*44 X 10" 13 cm.
Within this distance from the centre of the nucleus, the attractive force will be larger than the electrostatic repulsion of the parts of the nucleus. This distance may therefore be considered as the effective radius of the nucleus. The estimate seems small at first for a nucleus which contains fourteen electrons and twenty-seven protons. Some of the electrons may, however, be outside this radius, for electrostatic attraction alone will be sufficient to maintain them in the nucleus. The fact that, on this law, the calculated apsidal distance of an a-particle of 7 cm. range, deflected through 180°, is 4*6 X 10" 13 cm., seems to show, however, that the estimate is not much too low. Such an additional inverse fourth-power attractive force would diminish very rapidly with the distance from the nucleus. At 3-44 X 10""12 cm. it would be only 1/100 of the electrostatic force, and at 10" 10 cm. less than 1/80000. It would not therefore have a noticeable effect on spectral lines. It was thought at first that the experiments might show some difference between the behaviour of aluminium and of magnesium. Sir Ernest Ruther ford and Dr. Chadwick* found that swift H-nuclei, of forward range about 90 cms. of air, were liberated from the aluminium nucleus, whereas they did not find a trace of particles of range greater than 30 cms. in magnesium. They explained the result by assuming that in atoms which can be artificially dis integrated there are H-nuclei present outside the main part of the nucleus, as close satellites describing orbits round it. If such satellites are present in aluminium and not in magnesium, it might be expected that they would mani fest themselves in some difference between the scattering by these two elements when the collision is very close. The curves for aluminium and magnesium vol. cv.-A. * Rutherford and Chadwick, loc. cit.
are, however, similar within the experimental error, and no conclusion can be drawn in this respect from the experiments.
It would be interesting to repeat these experiments with the fastest a-particles obtainable, namely, those from ThC, of range 8-6 cm. They are, however, always produced together with particles of 4-8 cm. range. Owing to the fact that very wide beams have to be used in order to obtain a measurable effect n cases where the scattering is so small, it has seemed to the writer that it was not possible to separate the two classes of particles satisfactorily.
The writer has made an attempt to explain on a magnetic hypothesis this inverse fourth-power term in the law of force. If the particles composing the nucleus and the a-particle describe orbits, it is natural to assume that they have a magnetic moment. Two magnetic doublets will attract if they are in the proper relative orientation, and the law of force will be the inverse fourth-power. A rather artificial mechanism had to be postulated, however, to allow the a-particle to assume the proper orientation for attraction to take place, and the orbital velocities necessary to give a sufficient magnetic moment were so large as to make the relativity increase in mass incompatible with the whole-number law of atomic weights.
In conclusion, the writer wishes to thank Sir Ernest Rutherford, in whose laboratory this work was carried out, for his constant inspiration and encourage ment, and several of the research students at the Cavendish Laboratory for help in the very tedious work of counting. His thanks are also due to Mr. G. RCrowe for the preparation of the radio-active sources used.
